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1
OPTIMIZING SEARCH FOR DATA

BACKGROUND

Advancements 1n database technologies have provided
cllicient means of data storage. For instance, a dataset
including values may be stored in a table in a database 1n
compressed form. Various compression techniques, such as
run-length encoding, cluster coding, dictionary coding, etc.,
may be used for compressing the data. However, when such
compressed data 1s searched, there may be complexities and
challenges like overhead for storage of data, sorting of rows
and adjusting data values between the rows, reconstruction
of tuple when the data 1s encoded, etc. Further, irrespective
of the storage location, the entire dataset may need to be
scanned or searched. Such searching mechanisms may not
be optimal, are mnethcient and may consume a large amount
of time for execution. Although compression of data
improves the storage efliciency, optimally searching for data
may be challenging.

BRIEF DESCRIPTION OF THE DRAWINGS

The claims set forth the embodiments with particularity.
The embodiments are 1llustrated by way of examples and not
by way of limitation 1n the figures of the accompanying
drawings 1n which like references indicate similar elements.
The embodiments, together with their advantages, may be
best understood from the following detailed description
taken 1n conjunction with the accompanying drawings.

FIG. 1 1s a table showing a dictionary structure associated
with an attribute vector, according to an embodiment.

FI1G. 2 15 a flow diagram 1illustrating a process to optimize
search for data in an attribute vector, according to an
embodiment.

FIG. 3 shows a table representing an attribute vector
storing data related to a transaction, according to an embodi-
ment.

FI1G. 4 15 a table representing a data structure storing start
address and end address associated with unique value 1den-
tifiers, according to an embodiment.

FIG. 5 shows a table including metrics related perior-
mance for searching data, according to an embodiment.

FIG. 6 shows a table including memory consumed for
storing positional addresses associated with data, according
to an embodiment.

FI1G. 7 shows a table including the unique value identifiers
that optimizes memory consumed for storing positional
addresses, according to an embodiment.

FIG. 8 shows a table including metrics related to perfor-
mance for searching data, according to an embodiment.

FIG. 9 shows a table including positional i1dentifiers for
unique value identifiers 1n the dictionary structure, accord-
ing to an embodiment.

FIG. 10 shows a table including positional address ranges
for positional 1dentifiers, according to an embodiment.

FIG. 11 shows tables including start address and end
address associated with unique value i1dentifiers and posi-
tional address distance matrix, according to an embodiment.

FIG. 12 shows tables including start address and end
address associated with unique value i1dentifiers and posi-
tional address distance matrix, according to an embodiment.

FI1G. 13 shows tables including start address, end address
associated with unique value identifiers and positional
address distance matrix, according to an embodiment.
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FIG. 14 shows a table including multiple positional 1den-
tifiers for unique value 1dentifiers, according to an embodi-

ment.

FIG. 15 shows tables including positional address ranges
associated with multiple positional 1dentifiers, according to
an embodiment.

FIG. 16 A shows tables including metrics related to posi-
tional address range indices, average number of scans
required to search data, priority assignment to the columns,
computed performance gain, according to an embodiment.

FIG. 16B shows tables including metrics related to
memory consumed for storing positional addresses, value of
decision variable for maximizing the objective function
using Linear algorithm, computation of objective value, and
memory consumed for a positional address range index,
according to an embodiment.

FIG. 17A shows tables including metrics related to posi-
tional address range indices, according to an embodiment.

FIG. 17B shows tables including metrics related to pri-
ority assignment to the columns, and average number of
scans required to search data, according to an embodiment.

FIG. 17C shows tables including metrics related to
memory consumed for storing positional addresses, value of
decision variable for maximizing the objective function
using Linear algorithm, according to an embodiment.

FIG. 17D shows tables including metrics related to
memory consumed for a positional address range index,
according to an embodiment.

FIG. 18 1s a block diagram of a computer system, accord-
ing to an embodiment.

DETAILED DESCRIPTION

Embodiments of techniques related to optimizing search
for data are described herein. In the following description,
numerous specific details are set forth to provide a thorough
understanding of the embodiments. One skilled 1n the rel-
evant art will recognize, however, that the embodiments can
be practiced without one or more of the specific details, or
with other methods, components, matenals, etc. In other
instances, well-known structures, materials, or operations
are not shown or described 1n detail.

Retference throughout this specification to “one embodi-
ment”, “this embodiment” and similar phrases, means that a
particular feature, structure, or characteristic described in
connection with the embodiment 1s included 1n at least one
of the one or more embodiments. Thus, the appearances of
these phrases in various places throughout this specification
are not necessarily all referring to the same embodiment.
Furthermore, the particular features, structures, or charac-
teristics may be combined in any suitable manner 1n one or
more embodiments.

Technological advancements may propel an increase 1n
volume of data Some of the data may have shorter life cycle
as the data may get updated or replaced with time. For
instance, the data related to products (e.g., cell phones) may
get modified or replaced, when newer models of cell phones
are released. Periodically, this may generate data that may be
redundant and storing such redundant data may be an
overhead to an enterprise.

Such data may be stored 1n multiple data stores that may
be centrally accessed over a network by systems and appli-
cations in the enterprise. The data may correspond to struc-
tured and unstructured data, transactional data, data related
to business processes, etc. Such data may reside 1in data
structures (e.g., tables, flat files, etc.) in data stores. Data

store may include an in-memory database, a web-based
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database, a conventional database, etc. The in-memory data-
base may include a main memory and an underlying hard-
ware for executing storage and computational operations.
Typically, the data required for processing may be available

in the main memory and operations such as computations 5
and memory-reads may be executed 1n the main memory.

In an embodiment, a table 1n a database may be repre-
sented by a two-dimensional data structure with cells orga-
nized 1n rows and columns. An attribute vector may corre-
spond to rows or columns and the data in the mn-memory 10
database may be stored as a row store or a column store. In
the row store, the fields of every row are stored sequentially,
while 1 the column store, the fields of every column are
stored 1n contiguous memory locations. In an embodiment,
row based storage and column based storage store data that 15
can be modeled and accessed by various components of the
In-memory management system, such as front-end develop-
ment application, database application, a query processing,
engine, etc. In column based storage, values associated with
the data may be stored as columns 1n contiguous memory 20
locations. These stored values may be intrinsically sorted to
place several contiguous values adjacent to each other.

FIG. 1 1s a table showing a dictionary structure associated
with an attribute vector, according to an embodiment. FIG.

1 shows columns 102 and 104 of Table 1. In an embodiment, 25
column 104 includes data values and the data values are
correspondingly associated with umique value identifiers
(e.g., also referred to value 1ds). Table 1 may represent the
dictionary structure of the data values 104 typically includ-
ing a list of sorted values, as appearing 1n column 104 and 30
value 1dentifiers 102

In an embodiment, to reduce the memory occupied by
data in column 104 of table using a dictionary-based com-
pression method, a sorted list of different values appearing,
in column 102 may be generated. For example, table 1 35
includes column 104, which has values such as Phone 1,
Phone 2, Phone 3, etc. Dictionary structure, as shown 1n
Table 1 includes value 1dentifiers 102 that may represent the
different values of data stored in column 104. Values of data,
as shown 1n column 104 of Table 1, may be replaced with 40
value 1dentifiers 102 that may reduce memory footprint of
the data represented by the column.

FIG. 2 1s a flow diagram illustrating process 200 to
optimize search for data in an attribute vector, according to
an embodiment. Data may be stored 1n an attribute vector 45
and 1nformation related to storage (e.g., start address, end
address, range of positional address, etc.) of the data may be
determined and used to optimize the search for the data. The
data values may be stored in the attribute vector as unique
value 1dentifiers and may be associated with a dictionary 50
structure. In an embodiment, for multiple umque value
identifiers associated with a dictionary structure, a start
address and an end address associated with the multiple
unique value identifiers 1s computed, at 210. A umique value
identifier of the dictionary structure may be stored over a 55
range ol addresses (e.g., also referred to as positional
addresses) 1n the attribute vector.

In an embodiment, based on the computation, a range of
positional addresses for the multiple unique value identifiers
1s generated and stored i a data structure, at 220. For 60
example, based on a transaction or a business process, the
unique value identifiers may be stored in the attribute
vectors at contiguous locations or non-contiguous locations.
Based on the storage location or position of the unique value
identifier 1n the attribute vector, the unique value 1dentifiers 65
may be associated with a positional address. Such positional
addresses may be identified by a start address and an end

4

address associated with unique value 1dentifier stored in the
attribute vector. By determining the start address and the end
address associated with each unique value identifier, the
range of positional addresses over which the unique value
identifiers are stored in the attribute vector, may be deter-
mined. In an embodiment, the start addresses and the end
addresses of some of the unique value 1dentifiers stored 1n
the attribute vector may overlap. In an embodiment, upon
receiving a request to search for data represented by the
unique value identifiers, the range of positional addresses
over which the requested data 1s to be searched i1s deter-
mined, at 230. Based on the determination, the execution of
search for the unique value 1dentifier (e.g., requested data) 1n
the attribute vector 1s optimized, at 240.

In an embodiment, optimizing the execution of search
may correspond to improving an efliciency to search for
data. The efliciency to search for data may be improved by
reducing a number of scans of row including the data, range
of addresses of storage over which dataset may be searched,
ctc. In an embodiment, the range of addresses over which the
data may be searched may include determining a start
address and an end address associated with the unique value
identifiers. The start address and the end address may
correspond to the positional address (e.g., positional infor-
mation) of the unique value identifiers 1n the attribute vector.
In an embodiment, the execution of search may be optimized
by computing the range of positional addresses over which
the request data may be searched. As discussed previously,
the range ol positional addresses may be generated by
determining the start address and the end address associated
with the unique value identifiers. The search for data may be
optimized as the data 1s searched over a range of positional
addresses (e.g., based on the start address and the end
address) 1nstead of the entire record set in the attribute
vector.

In an embodiment, the data may be searched by execution
of SQL queries (e.g., Structured Query Language (SQL)) or
stored procedures. For example, the query for searching the
data, may include a sequence of continuous unique value
identifiers, a sequence ol non-continuous unique value 1den-
tifiers, the umique value identifiers combined using rela-
tional, logical, Boolean operators (e.g., AND, OR, etc.), or
above combination of queries.

In an embodiment, memory may be used consumed for
storing the positional addresses associated with the unique
value 1dentifiers. The memory consumed may be optimized
(e.g., reduced) when memory constraints are enforced. For
example, memory constraints may be enforced at different
storage levels (e.g., columns, tables, data store, etc.) and the
memory consumed may be optimized. The memory con-
sumed may be optimized based on a decision logic that may,
for example, imnclude computing distances (e.g., absolute
difference of positional addresses) between the unique value
identifiers based on the positional addresses (e.g., start
address, end address) of the unique value 1dentifiers. Further,
the unique value i1dentifiers may be grouped or combined,
based on, for example, a minimum distance (e.g., minimum
distance between the addresses) between the unique value
identifiers. Upon computing the minimum distance, the data
structure (e.g., table) including the unique value 1dentifiers
may be updated.

In an embodiment, there may be a tradeoll between an
elliciency for searching data (e.g., measured performance
for searching data) and memory consumed for storing the
positional addresses associated with the unique value 1den-
tifiers. Such tradeofl may be determined by execution of
optimization algorithms (e.g., Greedy algorithm, Linear

e
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algorithm, etc.). In an embodiment, execution of optimiza-
tion algorithms may correspond to execution of instructions
or routines related to the optimization algorithms by a
processor of a system (e.g., computer).

FIG. 3 shows a table representing an attribute vector
storing data related to a transaction, according to an embodi-
ment. FIG. 3 shows Table 2 representing an attribute vector
storing data value as unique value identifiers. As shown,
Table 2 stores data values related to a transaction as unique
value i1dentifiers and includes 44 records or entries (e.g.,
number of records stored as row store or column store). In
an embodiment, attribute vector 302 storing unique value
identifiers (e.g., 102 and corresponding to dictionary struc-
ture of Table 1) may include the start address and the end
address associated with each unique identifier. Table 2 1n
FIG. 3 represents data related to the transaction and shows
that each unique value 1dentifier 1s stored at different posi-
tional addresses 1n attribute vector 302. Hence, each unique
value 1dentifier may be stored 1n attribute vector 302 over a
range of positional addresses. In an embodiment, the range
of positional addresses may be computed based on the start
address and the end address associated with the unique value
identifiers stored in attribute vector 302. In an embodiment,
the start address and end address of the unique identifiers
may be stored 1n a data structure (e.g., a table). Such a table
may also be referred to as positional address matrix.

FIG. 4 1s a table representing a data structure storing start
address and end address associated with unique value 1den-
tifiers, according to an embodiment. In an embodiment,
Table 3 of FIG. 4 shows the above discussed positional
address matrix for attribute vector. As shown. Table 3 1n
FIG. 4 mncludes columns dictionary 1d 402, representing the
unique value identifiers, start address 404 and end address
406 associated with each dictionary 1d 402 (e.g., unique
value 1dentifier).

In an embodiment, when a request including a query to
search for data 1s received, a database search engine may
optimize the execution to search for the data based on a
decision logic. For example, the decision logic may be based
on a determination of the start address and the end address
of the unique value identifiers. Upon such determination, the

data may be searched over one or multiple ranges of

positional addresses. The execution of the search, as dis-
cussed above, may optimize the mechamism for searching
data, as the number of rows to be scanned or parsed for
searching the data may be reduced. In an embodiment, such
optimization may provide an optimum gain 1n efliciency or
performance searching the data.

For example, let a query correspond to search for trans-
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actional data related to ‘Phone 5’ 1n attribute vector 302 of 50

Table 2. From Table 1 in FIG. 1, 1t may be determined that
the unique value identifier for data value ‘Phone 5”15 °5°.
Upon parsing or scanning Table 3 1 FIG. 4, the database
search engine may determine that the unique value 1dentifier
*5’ 1s associated with the start address (e.g., 404) 1s ‘217 and
the end address (e.g., 406) 1s ‘22°. In an embodiment, the
database search engine may execute search for the data in
the range of positional addresses between 21 and 22, instead
of searching 1n the entire attribute vector 302. Hence, the
mechanism for searching data 1s optimized, as the search
would be executed 1n specific range of positional addresses,
instead of the entire record set of 44 records in attribute
vector 302 1n Table 2 of FIG. 3.

FIG. 5 shows a table including metrics related perfor-
mance for searching data, according to an embodiment. FIG.
5 shows Table 4 including performance metrics expressed 1n
percentage for searching each unique value identifier. As
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shown, Table 4 1n FIG. 5 includes columns, dictionary 1d 502
representing the unique value 1dentifiers, number of rows to
scan 504 representing the number of rows to be scanned or
parsed for searching the data, and performance gain 506
expressed 1n percentage for searching each unique value
identifier. In an embodiment, the performance gain may be
computed by the ratio of number of rows scanned or parsed,
when data 1s searched 1n a specific range or multiple ranges
of positional addresses to the number of rows scanned or
parsed, when data 1s searched 1n the entire record set (e.g.,
44 records or entries in attribute vector 302 in Table 2 of
FIG. 3).

In an embodiment, storing positional addresses (e.g., start
address, end address) for each unique value identifier may
consume or utilize memory. The memory consumed for
storing the start address and the end address (e.g., positional
address ranges) for each value i1dentifier may be computed
using the equation:

Memory consumed=2*N*(log-(T)) Equation (1):

In Equation (1), ‘1" represents the number of records or
entries 1n the attribute vector(e.g., which corresponds to 44
in Table 2 of FIG. 3) and ‘N’ represents number of unique
value i1dentifiers (e.g., count of 10) 1n dictionary structure
(e.g., Table 1 in FIG. 1).

Optimizing search for data when search query includes a
range of value identifiers.

In an embodiment, a query (e.g., range query) for search-
ing data may include multiple unique value i1dentifiers. For
example, the query may include umique value identifiers that
may be i a sequence ol continuous values (e.g., value
identifiers 1, 2, 3, etc.) or 1n a sequence ol non-continuous
values (e.g., value identifiers 2, 4, 1, 3, etc.). In an embodi-
ment, a request to search for data may include a query
including a combination of the continuous sequence and the
non-continuous sequence of value identifiers. That 1s, the
query may include the umique value identifiers that may be
combined with operators, for example, comparison opera-
tors, logical operators (e.g., > (greater than), < (less than),
>= (greater than or equal to), <= (less than or equal to),
“between”, etc.), etc. In an embodiment, when the query for
searching data includes the above combination of operators,
the database search engine may combine one or more range
of positional addresses and execute searching for the data.
Such a combination of the range of positional addresses may
also be referred to as union of range of positional addresses
and data may be searched 1n the union of range of positional
addresses.

For example, let a query correspond to search for trans-
actional data related to ‘Phone 4°', ‘Phone 5” and ‘Phone 6’.
From Table 3 in FIG. 4, the database search engine may
generate the union of range of positional addresses, as
explained above. For example, based on the start address
404 and end address 406 of the transactional data related
(e.g., Phone 4 corresponds to value 1dentifier 4 with (the start
address, the end address)=(20, 20); Phone S corresponds to
value 1dentifier 5 with (the start address, the end address )=
(21, 22); Phone 6 corresponds to value identifier 6 with (the
start address, the end address)=(23, 31)). Upon generating
the union of range of positional addresses, the database
search engine may search for data between start address ‘20’
and end address ‘31°. In an embodiment, such mechanism
searching for the data by generating the union of range of
positional addresses may optimize the search for the data
and provide a gain 1n performance for executing the search.

Optimizing search for data when a query includes AND
operator.
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In an embodiment, a query for searching data may include
a Boolean operator, for example, AND operator. When the
query includes the AND operator, there may be an overlap
between the range of positional addresses as the unique
value 1dentifiers may be stored at diflerent ranges of posi-
tional addresses. In an embodiment, when the query includes
AND operator, an intersection or an overlap 1n the start
addresses and the end addresses associated with the value
identifiers may be determined and the data may be searched
for 1n such intersection of the range of positional addresses.

For example, consider

Select Employee Name from Project A where
department="Retail” AND role=""Development” SQL query (1):

The execution of SQL query (1) may search for data, for
example, name of employees from the table ‘Employee
Name’ working with “Retai1l” department 1n a role defined as
“Development”. Let the table ‘Employee Name’ include
records or entries, such that rows 20 to 40 correspond to the
employees working with the “Retail” department and rows
35 to 50 correspond to the employees working 1n a role
defined as “Development”. When the SQL query (1) is
executed, the database search engine may determine an
intersection in range of positional addresses for value 1den-
tifiers “Retail”, “Development”. For example, the database
searching engine may determine that the requested data may
be searched 1n between rows 35 to 40. In an embodiment, the
response to execution of the search may include names of
employees stored 1n the rows 35 to 40. Such a mechanism
for searching data, when the range of positional addresses
may be overlapped or intersected, may optimize the search
for data.

FIG. 6 shows a table including memory consumed for
storing positional addresses associated with data, according
to an embodiment. FIG. 6 shows Table 5 including memory
consumed {for storing positional addresses (e.g., start
addresses, end addresses) associated with unique value
identifiers. As shown, column 602 shows number of unique
value 1dentifiers and columns 604, 606, 608 and 610 show
a corresponding memory consumed, when the number of
records or entries 1n the record set increases 1n volume (e.g.,
One Billion 604, Ten Billion 606, Hundred Billion 608, One
Trillion 610, etc., represent the number of records 1n a record
set). For example, from Table 5, when a volume of data 1n
a record set includes one billion records, and a correspond-
ing dictionary structure includes 100,000 unique value 1den-
tifiers, the memory consumed to store the positional
addresses (e.g., start address and end addresses) associated
with the umique value 1dentifiers may be computed to be
equal to 712 Kilobytes (KB) and so on. Accordingly, Table
5 shows the memory consumed for storing the positional
addresses for various combinations of number of records 1n
the record set and number of unique value identifiers.

FIG. 7 shows a table including the unique value 1dentifiers
that optimizes memory consumed for storing positional
addresses, according to an embodiment. As discussed pre-
viously (e.g., with reference to FIG. 6 and Table 5), memory
consumed increases with an increase in volume of data or
increase in the number of unique value identifiers. In an
embodiment, the memory consumed may be optimized (e.g.,
reduced) enforcing memory constraints for storing the posi-
tional addressees (e.g., start address, end address) associated
with the unique value identifiers. The memory constraint
may be enforced at different levels of data storage (e.g., data
structure storing data may represent an attribute vector,
columns of tables, multiple tables, data store, etc.) and the
memory consumed for storing the positional addresses may
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be optimized. In an embodiment, an end user may configure
the memory constraint based on the available memory. In an
embodiment, a decision logic to optimize the memory
consumed for storing the positional addresses may be for-
mulated and executed at a runtime.

In an embodiment, the decision logic to determine opti-
mization of memory may be based on a computation of a
number of positional addresses that may be stored, when the
memory constraint 1s enforced. For istance, the number of
positional addresses that may be stored in memory, when the
memory constraint 1s enforced, may be computed by equa-
tion:

N*cell(log,(R))+2 *R*cell(log5(1))-M=0 Equation (2):

In Equation (2) ‘M’ represents the memory constraint
(e.g., memory consumed to store the positional addresses);
“I” represents the number of records or entries; ‘N’ repre-
sents the number of unique value 1dentifiers 1n a dictionary
structure; represents an 1mteger value of number of possible
positional 1dentifiers based on the available memory.

In an embodiment, the decision logic to optimize the
memory consumed, when the memory constraint 1s
enforced, may include grouping or combiming the unique
value 1dentifiers. For example, the unique value identifiers
may be combined based on a distance between positional
addresses associated with the unique value 1dentifiers, when
stored 1n the attribute vector. In an embodiment, the dis-
tances between the unique value identifiers may be com-
puted by determining the start addresses and the end
addresses associated with the unique value 1dentifiers. In an
embodiment, a decision logic for combining the unique
value 1dentifiers may include determining and selecting the
minimum distance between the unique value identifiers.

In an embodiment, FIG. 7 shows Table 6 that includes
unmique value 1dentifiers that may be combined, as explained
previously (e.g., determining the positional addresses, com-
puting distance between positional addresses and selecting
the minimum distance between to the positional addresses to
combine the umique value identifiers). In an embodiment,
Table 6 includes columns positional 1d 702, dictionary 1d
704 (e.g., representing combined or grouped unique value
identifiers), start address 706, end address 708, etc. Such
combination of the unique value identifiers may optimize
(e.g., reduce) the memory consumed for storing the posi-
tional addresses (e.g., start address, end address). In an
embodiment, the combining of the unique value 1dentifiers,
as explained above, may impact the etliciency for searching
data. For example, the performance or the efliciency for
searching data may be reduced.

In an embodiment, there may be a tradeofl between
performance for searching data and memory consumed for
storing the positional addresses. Such tradeoil may be deter-
mined by executing a Greedy algorithm. The execution of

Greedy Algonthm may provide metrics related to perfor-
mance (e.g., change in efliciency expressed as a percentage
(gain or loss)), when the attribute vector 1s enforced with the
memory constraint.

Greedy Algorithm with memory constraint.

In an embodiment, ‘R’ represents number of range of
positional addresses that may be stored in memory and ‘N’
represent the total number of unique value identifiers 1 a
dictionary structure. The execution of Greedy algorithm
(e.g., routine related to Greedy algorithm) may execute the
following steps:
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Step 1: R=N;

Step 2: Validate whether ‘R’ 1s constrained by Equation
(2). If ‘R’ 1s constrained by Equation (2), stop execution. If
‘R’ 1s not constrained by Equation (2), go to Step 3;

Step 3: Generate positional address distance matrix by
computing a distance between the unique value identifiers
and selecting the minimum distance between the unique
value 1dentifiers;

Step 4: Group or combine the unique value identifiers
based on the mimmimum distance between the umique value
identifiers and recursively update the positional address
distance matrix;

Steps 5: R=R-1;

Step 6: Repeat Step 2.

Generation of Positional Address Distance Matrix

In an embodiment, the positional address distance matrix
may store the distance between the unique value identifiers
and assigned positional i1dentifiers. The distances stored 1n
the positional address distance matrix may correspond to a
mimmum distance between the unique identifier values. The
mimmum distance between the unique value 1dentifiers may
be computed by equation:

D=abs(S,-55)+abs(£,-F5) Equation (3):

In Equation (3), °S,” and ‘S,’ represent the start addresses
of the unique value identifiers and °‘E;” and ‘E,” may
represent the end addresses of the unique value identifiers;
‘D’ represents the absolute value (e.g., absolute difference 1n
values) of the distance between the unique value 1dentifiers.

FIG. 8 shows a table including metrics related to perfor-
mance for searching data, according to an embodiment. FIG.
8 shows Table 7 that includes metrics related to performance
for searching data. As explained previously, the performance
metrics may be expressed 1n percentage and corresponds to
searching each unique value identifier (e.g., dictionary 1d
502). Table 7 includes columns position 1d 802, dictionary 1d
804 (ec.g., representing grouped combined umque value
identifiers), number of rows to scan 806 and performance
gain 808 1n percentage for searching the umque value
identifier. On comparison ol performance metrics from
column 808 1n Table 8 of FIG. 7 and column 506 1n Table
4 of FIG. 5, 1t may be determined that the efliciency for
searching data 1s reduced, when memory constraint 1s
enforced and the unique value 1dentifiers are combined.

FIG. 9 shows a table including positional identifiers for
unique value 1dentifiers 1n the dictionary structure, accord-
ing to an embodiment. FIG. 9 shows Table 8 including
positional 1dentifiers (e.g., position 1d 904) for each unique
value 1dentifier (e.g., dictionary 1d 902). In an embodiment,
Table 8 1n FIG. 9 may be generated from Table 6 1n FIG. 7.

FI1G. 10 shows a table including positional address ranges
for positional 1dentifiers, according to an embodiment. FIG.
10 shows Table 9 including start address 1004, end address
1006 for positional 1dentifiers (e.g., position 1d 1002). In an
embodiment, Table 9 in FIG. 10 may be generated from
Table 6 in FIG. 7.

FIG. 11 shows tables including start address and end
address associated with unique value identifiers and posi-
tional address distance matrix, according to an embodiment.
FIG. 11 shows Table 10A and Table 10B. In an embodiment,
Table 10A corresponds to Table 3 of FIG. 4 including start
address 1108 and end address 1110 for each dictionary 1d
1106 (e.g., unique value 1dentifier). Table 10A 1s shown as
dictionary 1102 in FIG. 11. In an embodiment, Table 10B
corresponds to positional address distance matrix 1104. As
explained previously, the positional address distance matrix

1104 may be generated and minimum distance between the

10

15

20

25

30

35

40

45

50

55

60

65

10

positional addresses associated with the unique value 1den-
tifiers may be selected. For example, the top row and first
column including values 1, 2, 3, etc., may represent the
umque value identifiers and the values, for example, 8, 3, 9,
26, 18, 27, etc., may represent the distances between the
positional addresses between the unique value identifiers. As
explained previously, the distances may be computed, using
Equation (3).

FIG. 12 shows tables including start address and end
address associated with unique value i1dentifiers and posi-
tional address distance matrix, according to an embodiment.

FI1G. 12 shows Table 11A and Table 11B. In an embodiment,
Table 11 A corresponds to Table 3 of FIG. 4 including start
address 1208 and end address 1210 for each dictionary 1d
1206 (e.g., unique value identifier). Table 11A 1s shown as
dictionary 1202 in FIG. 12. In an embodiment, Table 11B
corresponds to positional address distance matrix 1204. As
explained previously, the positional address distance matrix
1204 may be generated and minimum distance between the
positional addresses associated with the unique value 1den-
tifiers may be selected. For example, the top row and first
column including values 1, 2, 3, etc., may represent the
unique value 1dentifiers and the values, for example, 8, 3, 9,
26, 18, 27, etc., may represent the distances between the
positional addresses between the unique value 1dentifiers. As
explained previously, the distances may be computed, using
Equation (3). In Table 11B, the first column shows combi-
nation of umique value 1dentifiers. For example, unique value
identifiers 1,3 are grouped based on decision logic, as
explained previously.

FIG. 13 shows tables including start address, end address
associated with unique value identifiers and positional
address distance matrix, according to an embodiment. FIG.
13 shows Table 12A and Table 12B. As explained previ-
ously, the unique value identifiers may be combined by
computing the absolute diflerence i1n values between the
start address and the end address associated with the unique
value identifiers. Based on the computed absolute differ-
ences and selecting the minimum distance between the
umque value identifiers, the data structure may be updated.
In an embodiment, Table 12A shows dictionary 1302 includ-
ing dictionary 1d 1306, start address 1308 and end address
1310. The column dictionary 1d 1306 includes umique value
identifiers that may be combined, as explained previously.
The columns 1304 represent address distance matrix (e.g,
positional address distance matrix). For example, Table 12A
and Table 12B may be generated by computing the distances
(e.g., as explained above with reference to FIGS. 11 and 12)
and updating the data structure including the start address
and the end address. Upon 1teratively computing the dis-
tances between the unique value identifiers and updating the
data structure including the positional addresses of unique
value 1dentifiers, Table 12A and Table 12B may be gener-
ated.

Memory optimization for storing multiple ranges of posi-
tional addresses.

In an embodiment, memory consumed for storing the
positional addresses of unique value identifiers may be
optimized for multiple ranges of positional address. For
example, a data structure (e.g., table) including multiple
ranges of positional addresses may be generated and corre-
sponding multiple partitions may be created on the attribute
vectors. Each range of positional address may correspond-
ingly associate with each partition 1n the attribute vector and
cach range of positional address may be assigned with
positional 1dentifiers.
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In an embodiment, memory consumed or memory utilized
for storing multiple ranges of positional addresses 1n the data
structure may be computed using the equation:

X=N*cell(log,(N))+2*N*ceil(log,( 1)) Equation (4):

In Equation (4), represents the number of unique 1dentifier
values 1n the dictionary structure associated with the attri-
bute vector; ‘I’ represents the number of records or entries
in the attribute vector (or the column); ‘X’ represents the
memory consumed for generating the data structure includ-
ing multiple ranges of positional addresses, when number of
positional identifiers 1s equal to number of unique value
identifiers.

In an embodiment, number of ranges of positional
addresses, that may correspond to the number of partitions
of the attribute vector, may be computed using the equation:

Equation (4A)

In Equation (4A), ‘F’ represents the floor quotient, which
may represent to number of ranges of positional addresses or
number of partitions on the attribute vector; ‘E’ may repre-
sent the remainder of Equation (4A) which may represent to
the unused memory. If value of ‘E’ 1s zero, then °F°
represents the number of ranges of positional addresses with
‘N’ records. If value of °E’ 1s non-zero, then ‘F+1° represents
the number of ranges of positional address by enforcing to
the following constraints:

(1) If value of ‘E’ 15 less than 40% of ‘X’, then ‘F’ number

of positional address ranges may be created;

(11) If value of ‘E’ 1s more than 40% of ‘X’, then ‘F+1’

number of positional address ranges may be created.

In an embodiment, when R>N and ‘E’ 1s not equal to zero,
then the equation for multiple range of positional addresses

may be formulated as:

FEX+N*cell(log, (V' )+2* P *ceil (log> (1)) Equation (5):

In Equation (3), V' represents number of positional iden-
tifiers required in the last partition of the attribute vector,
which may be represented by a decimal number, generating,
using;:

V=floor(¥") Equation (6):

In an embodiment, 1f ‘B’ represents number of partitions
on the attribute vector, then:

f

B = CEH(F) Equation (7)

FIG. 14 shows a table including multiple positional 1den-
tifiers for unique value identifiers, according to an embodi-
ment. FIG. 14 shows Table 13 including multiple positional
identifiers (e.g., Position ID-1 1404, Position 1D-II 1406,
Position ID-III assigned for each unique value identifier
(c.g., dictionary 1d 1402). As explained previously (e.g.,
with reference to Table 8, Table 9, Table 10, Table 11, and
Table 12), positional address ranges for each unique value
identifier assigned with positional identifiers may be gener-
ated.

FI1G. 15 shows tables including positional address manges
associated with multiple positional 1dentifiers, according to
an embodiment. FIG. 15 shows Table 14A, Table 14B and
Table 14C including start addresses and end addresses for
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multiple positional 1dentifiers (e.g., Position ID-I, Position
Position ID-III). In an embodiment, Table 14A includes
columns Position ID-I 1502, start address 1304 and end
address 1506. In an embodiment, Table 14B includes col-
umns Position ID-II 1508, start address 1510 and end
address 1512. In an embodiment, Table 14C 1ncludes col-
umns Position ID-IIT 1514, start address 1516, and end
address 1518. As explained previously, the range of posi-
tional addresses and corresponding positional identifiers
may be determined and based on such determination, tables
14A, 14B and 14C may be generated. For example, Tables
14A, 14B and 14C may be generated from Table 13, which
may include range of positional addresses for corresponding
positional identifiers (e.g., Position ID-1 1404, Position ID-II
1406, Position ID-III 1408) of Table 13 from FIG. 14.

Enforcing memory constraint on multiple columns of a
table.

In an embodiment, memory constraint may be enforced
on multiple columns of a table stored 1n an 1n-memory data
store. The columns on which memory constraint may be
enforced may be prioritized based on historical data access
information associated the columns. In an embodiment,
memory consumed for storing the positional addresses asso-
ciated with multiple columns may be optimized, by enforc-
ing memory constraint on the multiple columns. By formu-
lating an objective and maximizing the objective function
based on the memory constraint, the memory consumed for
storing the positional addresses associated with the unique
value 1dentifiers may be optimized.

In an embodiment, the objective function may be formu-
lated as:

Max = M(P,*W) Equation (8):

In Equation (8), ‘P1’ represents performance gain (e.g.,
efficiency for searching data) in ‘i”’ column; ‘Wi’ represents
the weight (e.g., priority based on historical data access
information) for ‘i’ column. In an embodiment, when
Equation (8) 1s maximized by enforcing memory constraint,
the memory consumed for storing the positional addresses
associated with the multiple columns may be optimized. For
example, the decision logic to determine assigning the
priority for a column may be based on number of queries
accessing the data from the column for a predetermined time
period. The priority to the columns may be assigned during
a runtime and may be represented as percentages. In an
embodiment, the performance gain for searching data in

multiple columns, may be computed by:

P (S M T~(E;=S)) *eeil (log, (M) Equation (9):

In Equation (9), °k’ represents row position of each unique
value 1dentifier; ‘E,’ represents end address associated with
cach unique value 1dentifier; ‘S,’ represents the start address
associated with each unique value 1dentifier; ‘M,” represents
the total number of unique value identifiers 1n the column.

Greedy Algorithm with memory constraint on multiple
columns of a able.

In an embodiment, when a query for searching data 1s
executed; the average number of times the multiple columns
may be parsed or scanned, may be computed by:

M; Equation (10)
> abs(E; S))

J=1

M;
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In an embodiment, the performance gain for searching
data in the multiple columns, may be computed using:

P=(T-4)*M*ceil(log,(M))) Equation (11):

The memory consumed for storing a range of positional
addresses associated with unique value i1dentifiers 1 mul-
tiple columns, may be computed using equation:

m, =M Fceill(log,(R))+2 *R *cell(log,(1)) Equation (12):

In Equation (12), represents the memory consumed for
the range of positional addresses. In an embodiment,
memory consumed may be optimized when the objective
function (e.g., Equation (8)) 1s maximized by enforcing
constraint defined by equation:

X (m=M)

In an embodiment, the execution of Greedy algorithm
may include the following steps:

Step 1: Calculate R, for multiple columns by enforcing the
memory constraint

It R>=M,, then R =M, and exit

Step 2: Using positional address matrix, compute:

A. Average Scan Ai

B. C=P,*W._ for all columns that are assigned priority

Step 3: Sort all the columns with C, 1n descending order

Step 4: Select the first column from the sorted columns
and compute memory required using Equation (12)

Step 5: M=M=m,

Step 6: Create the positional address for all unique value
identifiers of the ‘i’ column and remove the first column
from the sorted list of columns

Step 7: If M>0, go to Step 1

In an embodiment, the Greedy algorithm with memory
constraint for multiple columns may provide an approxima-
tion with an optimum tradeofl between the performance for
searching the data and the memory consumed for storing the
positional addresses. In an embodiment, a linear algorithm
may be executed to optimize the memory consumed for
storing the positional addresses associated with the multiple
columns.

Linear Algorithm to optimize memory for storing posi-
tional addresses associated with multiple columns of a table

In an embodiment, memory consumed for storing posi-
tional addresses associated with multiple columns may be
optimized by executing a Linear algorithm (e.g., a routine or
set of instructions related to Linear algorithm). As explained
previously, a priority or weight for the columns (e.g., based
on data access information) may be assigned and memory
constraint ‘M’ may be enforced on the columns. In an
embodiment, the memory constraint may be enforced on
multiple columns of a table and such an enforcement of
memory constraint may correspond to table level constraint.

In an embodiment, performance gain for searching the
data in the ‘i” column with ‘§” positional address range

index may be computed by:

Equation (13):

P, =(1-4; )*MFcell(log,(M;)) Equation (14):

In Equation (14), ‘1" represents the index of column; 1’
represents the positional address range index; for example
positional address ranges may be assigned values {N, N/2.
N/4, N/8}; When the positional address range corresponds to
N/4, then index of j=2, and so on; P, , represents the
performance gain of ‘i””’ column with ‘i’ positional address
range index; represents the average performance of the i””’
column with ‘§”” positional address range index; represents

‘i column.

the number of unique value identifiers for the

10

15

20

25

30

35

40

45

50

55

60

65

14

In an embodiment, by formulating an objective and maxi-
mizing the objective function by enforcing memory con-
straint, the memory consumed for storing the positional
addresses associated with multiple columns may be opti-
mized.

In an embodiment, the objective function may be formu-
lated by:

Max =" ijlk(PI- SR ) Equation (15):

Equation (15) may be subject to constraint, defined by
equation:

tor all columns; 2,

X =1 Equation (16):

In HEquations (15) and (16), x,; represents a binary variable
(e.g., a decision variable), which can take a value 0 or 1 for
‘i column with ‘§” positional address range index; ‘k’
represents total number of number of positional address
ranges. Equation (16) represents the constraint for i””’
column with ‘§ positional address range index. For each
‘i positional address range index, the memory consumed
by ‘i column may be computed by Equation (12) by
substituting positional address ranges defined by {N, N/10,
N/100, N/500}, etc., and memory consumed for storing the
positional addresses may be computed. For example, ‘m,
may represent memory consumed for storing positional
address for ‘i”” column and ‘§” positional address range
index.

In an embodiment, memory constraint may be defined by

equation:

. =M

2. 1N2j: K(m, ey Equation (17):

Equation (17) represents memory constraint. By enforc-
ing the memory constraint and maximizing the objective
function, the amount of memory consumed for storing
positional addresses associated with the multiple columns
may be optimized. In an embodiment, enforcing such
memory constraint on the multiple columns may optimize
the memory consumed, such that the total memory allocated
for storing the positional addresses associated with the
multiple columns does not exceed the enthrced memory
constraint.

FIG. 16 A shows tables including metrics related to posi-
tional address range indices, average number of scans
required to search data, priority assignment to the columns,
computed performance gain, according to an embodiment.
FIG. 16A shows Table 15A, Table 15B, Table 15C and Table
15D. In an embodiment, Table 15A includes columns 1602,

1604, 1608 and 1610 comprising positional address range
index 1602 values for multiple columns 1604, 1606, 1608,

and 1610. For example, the positional address range may
correspond to {N, N/10, N/100, N/500} as shown in column
1602. In an embodiment, Table 15B includes columns 1612,
1614, 1616, 1618, and 1620. The values in columns 1614,
1616, 1618 and 1620 represent the number of scans required
to search for data. For instance, values 1n columns 1614,
1616, 1618 and 1620 may be represented 1n percentage of
records per billion of records or entries in the attribute
vector. Number ‘30” 1n 1614 may represent the average
number of scans required for each positional address index.
In an embodiment, Table 15C includes columns 1622, 1624,
1626, 1628 and 1630, and priority or weight 1622 for the
columns 1624, 1626, 1628 and 1630. In an embodiment.
Table 15D includes columns 1632, 1634, 1636, 1638 and
1640, representing performance gain (e.g., indicated by
1634, 1636, 1638 and 1640 for the respective columns) that
1s computed using product of Equation (14) and priority or
weight of each column.
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FIG. 16B shows tables including metrics related to
memory consumed for storing positional addresses, value of
decision variable for maximizing the objective function
using Linear algorithm, computation of objective value, and
memory consumed for a positional address range index,
according to an embodiment. FIG. 168 shows Table 15FE,
Table 15F, Table 15G and Table 15H. In an embodiment,
Table 15E includes columns 1642, 1644, 1646, 1648 and
1650. The values 1n columns 1642, 1644, 1646, 1648 and
1650 represent the memory consumed for storing the posi-
tional address ranges {N, N/10, N/100, N/500}in kilobytes
(KBs) for the corresponding columns. The memory con-

sumed may be computed using Equation (12). In an embodi-
ment. Table 15F includes the columns 1652, 1654, 1656,

1658 and 1660. Table 15F shows value (e.g., 0 or 1 1n
columns 1654, 1656, 1658 and 1660) of x, ; for the decision
variable such that the objective function 1s maximized. In an
embodiment. Table 15G shows computed values for an
objective value (e.g., 1662) for multiple positional address
ranges based on the value of the decision variable (e.g., in
Table 15F with value of decision variable as 1). In an
embodiment, Table 15H includes the columns 1664, 1666,
1668, 1670 and 1672 and shows memory consumed for
storing the positional address range indices based on the
decision variable (e.g., 1n Table 15F with value of decision
variable as 1).

Enforcing memory constraint on a database.

In an embodiment, a memory constraint may be enforced
on multiple tables stored in a database. Enforcing memory
constraint on multiple tables may correspond to enforcing
memory constraint on the database. In an embodiment,
enforcing the memory constraint at the database level
reduces the complexity of assigning memory constraints to
the tables or columns of the tables individually. Further,
enforcing memory constraint at the database level may
provide better optimization of memory when compared to
optimization achieved by enforcing memory constraints on
the multiple columns of the tables or on the multiple tables.
By enforcing memory constraint at the database level, the
memory consumed or memory utilized for storing positional
addresses associated with the multiple tables or multiple
columns in the database may be optimized. As discussed
previously, execution of Linear algorithm may optimize the
memory for storing a range of positional addresses associ-
ated with the unique value identifiers.

In an embodiment, for searching data, the average number
of times the ‘i”” column is parsed or scanned, may be

computed by:
M, ; Equation (18)
Z abs(E,;_S )
A= 2
Mr,:‘

In an embodiment, the performance gain for searching

data in an ‘i”” column for a ‘t”’ table, may be computed by:

Praz-z(T —A m-) *M m-* ceil(log, (Mm-)) Equation (19):

The memory consumed for storing a range of positional

addresses may be computed using the equation:
m, =M, Fceil(log,(R, )+2*R, (ceil(log,(T})) Equation (20):

In an embodiment, when M 1s a memory constraint, the
memory constraint may be enforced by:

> = m, =M Equation (21):
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In Equations (18), (19), (20) and (21), “A,,” represents the
average number of scans of an ‘i”” column in ‘t*’ table;
‘M, represents number of unique records 1n an ‘1 column
of “t”” table; ‘R,,” represents number of records 1n an ‘it
column of a ‘t”” table; ‘P, " represents performance gain for

an i’ column of a “” table; m,, represents memory

consumed for storing a range of positional addresses for an

‘i’ column of a ‘t”” table; ‘T, represents total number of

records or entries in a ‘t?” table.

Greedy Algorithm with memory constraint at database
level

In an embodiment, the execution ol Greedy algorithm
may include the following steps:

Step 1: Calculate ‘R, ;" for multiple columns based on the

memory constraint:

A It R, >=M,;, then R, =M, , and exit

Step 2: Using positional matrix results from Ru, compute:

(1) Average Scan A,

(1) C, =P, ,*W,, for all prioritized columns

Step 3: Based on the computation ot C,, sort all prioritized
columns 1n descending order

Step 4: Select a first column from the sorted columns and
compute memory required using Equation (20)

Step 5: Update M=M-m,,

Step 6: Create the positional address for all unique value
identifiers of the ‘i”’ column of ‘t”” table and remove the
first column from the sorted list of columns

Step 7: It M>0, go to Step 1.

In an embodiment, the Greedy algorithm with memory
constraint at database level may provide an approximation
with an optimum tradeofl between the performance for
searching the data and the memory consumed for storing the
positional addresses. In an embodiment, a linear algorithm
may be executed to optimize the memory consumed for
storing the positional addresses at the database level.

Linear Algorithm to optimize memory at database level

In an embodiment, amount of memory consumed for
storing positional addresses using memory constraint at
database level, may optimized by execution of a linear
algorithm (e.g., a routine related to linear algorithm). As
discussed previously, the memory may be optimized by
assigning priority for column of ‘t”’ table, formulating an
objective function and maximizing the objective function by
enforcing memory constraint ‘M’ at the database level.

In an embodiment, the objective function may be formu-
lated by:

Ma

22 VP LK) Equation (22):

Equation (15) may be subject to constraint, defined by
equation:

iy 3,.51

In Equations (15) and (16), X,;; 1s a binary variable
representing a decision variable, which can take a value 0 or
1 for ‘i”” column with ‘i positional address index for ‘t”’
table; ‘k’ represents an index associated with a number of
positional addresses. Equation (21) enforces constraint such
that ‘i positional address index may be selected for ‘i””’
column for ‘t™’ table. For each ‘i positional address index,
the memory consumed by ‘i”’ column may be computed by
Equation (20) by substituting {N, N/10, N/100, N/500}, etc.,

and memory consumed may be represented by ‘m,; ” which

indicates memory consumed for positional address storage
for ‘i’ column and ‘i positional address index for ‘t™’

table.

for all columns: Ejﬂlkx Equation (23):
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In an embodiment, memory constraint may be enforced
by:

> =N P Hm =M Equation (24):

b
tij Meij

Equation (24) enforces memory constraint on ‘i””’ column

with positional address index for ‘t” table, such that the
total memory allocated for the multiple columns does not
exceed the memory allocated at database level.

FIG. 17A shows tables including metrics related to posi-
tional address range indices, according to an embodiment.

FIG. 17A shows Table 16A represented by Table 16A1,
Table 16A2, Table 16 A3 and Table 16A4. In an embodi-
ment, Table 16 A1 includes columns 1702 column positional
address range index 1702 values for multiple columns 1704,

1706 and 1708. For example, the positional address range
may correspond to {N, N/10, N/100, N/500} as shown in

column 1702 for 1 billion record entries. In an embodiment,
Table 16 A2 includes column positional address range 1index
values for multiple columns 1710 and 1712. In an embodi-

ment, Table 16 A3 includes column positional address range
index values 1714 for multiple columns 1716, 1718 and
1720. For example, the positional address range may cor-
respond to {N, N/10, N/100, N/500} as shown in column
1714 for 1 trillion record entries. In an embodiment, Table
16 A4 includes column positional address range index values
tor multiple columns 1722, 1724, 1726 and 1728.

FIG. 17B shows tables including metrics related to pri-
ority assignment to the columns, and average number of

scans required to search data, according to an embodiment.
FIG. 17B shows Tables 16B and 16C. In an embodiment.

Table 16B includes 1730 representing Table 1, 1732 repre-

senting Table 2, 1734 representing Table 3, and 1736 rep-
resenting Table 4. The columns (e.g., COL1, COL2, COL3)

in the respective tables (e.g., 1730, 1732, 1734 and 1736)
include priority or weight for each column. In an embodi-
ment, Table 16C includes 1738; 1740, 1742, 1744, repre-
senting Table 1; 1746, 1748 representing Table 2; 1750,
1752, 1754 representing Table 3 and 1756, 1758, 1760 and
1762 representing Table 4. The values 1 column 1740,
1742, 1744, 1746, 1748, 1750, 1752, 1754, 1756, 1738,
1760 and 1762 represents the number of scans required to
search for data.

FIG. 17C shows tables including metrics related to
memory consumed for storing positional addresses, value of
decision variable for maximizing the objective function
using Linear algorithm, according to an embodiment. FIG.
17C shows tables Table 16D and Table 16E. In an embodi-
ment, Table 16D includes column 1764, 1766 representing,
Table 1, 1768 representing Table 2, 1770 representing Table
3 and 1772 representing Table 4. The columns in the tables
(e.g., 1766, 1768, 1770 and 1772) include values represent-
ing the memory consumed for the positional address ranges
{N, N/10, N/100, N/500} 1764. The memory consumed may
be computed using Equation (20). In an embodiment, Table
16E includes columns 1774, 1776, 1778, 1780 and 1782.
The columns 1776, 1778, 1780 and 1782 respectively
include values O or 1 for x; ;, the decision variable such that
the objective function 1s maximized.

FIG. 17D shows tables including metrics related to
memory consumed for a positional address range index,
according to an embodiment. In an embodiment, Table 16F
includes column 1784, 1786 representing Table 1, 1788
representing Table 2, 1790 representing Table 3, and 1792
representing Table 4. The columns in the respective Tables

(c.g., 1786, 1788, 1790 and 1792) show memory consumed
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for storing the positional address range 1indices based on the
decision variable (e.g., 1n Table 15F with value of decision
variable as 1).

In an embodiment, when data 1s merged from delta
memory to the main memory 1n the m-memory data store,
the positional addresses of the data (e.g., unique value
identifiers) 1n the attribute vectors may be modified. For
example, when data 1s merged, positional addresses may be
modified when new rows are added or deleted. In an
embodiment, the addition or deletion of new rows may
correspond to changing or moditying the start address and/or
the end address of the unique value 1dentifiers stored in the
attribute vector.

In an embodiment, the above discussed optimization
algorithms provide metrics related to memory consumed and
elliciency with which data may be searched. Depending on
the business need, an end user may optimize memory
consumed by enforcing memory constraint with a tradeotl of
reduced efliciency or may optimize search for data with the
tradeoll of increase 1 memory consumption.

FIG. 18 1s a block diagram of an exemplary computer
system 1800, according to an embodiment. Computer sys-
tem 1800 includes processor 1805 that executes software
instructions or code stored on computer readable storage
medium 1855 to perform the above-illustrated methods.
Processor 1805 can include a plurality of cores. Computer
system 1800 includes media reader 1840 to read the instruc-
tions from computer readable storage medium 1855 and
store the instructions 1n storage 1810 or 1n random access
memory (RAM) 1815. Storage 1810 provides a large space
for keeping static data where at least some instructions could
be stored for later execution. According to some embodi-
ments, such as some m-memory computing system embodi-
ments, RAM 1815 can have suilicient storage capacity to
store much of the data required for processing in RAM 1815
instead of 1n storage 1810. In some embodiments, all of the
data required for processing may be stored in RAM 1815.
The stored mstructions may be further compiled to generate
other representations of the instructions and dynamically
stored in RAM 1815. Processor 1803 reads instructions from
RAM 1815 and performs actions as mstructed. According to
one embodiment, computer system 1800 further includes
output device 1825 (e.g., a display) to provide at least some
of the results of the execution as output including, but not
limited to, visual information to users and input device 1830
to provide a user or another device with means for entering
data and/or otherwise interact with computer system 1800.
These output device 18235 and/or mnput device 1830 could be
jomned by one or more additional peripherals to further
expand the capabilities of computer system 1800. Network
communicator 1835 may be provided to connect computer
system 1800 to network 1850 and in turn to other devices
connected to network 1850 including other clients, servers,
data stores, and interfaces, for instance. The modules of
computer system 1800 are interconnected via bus 1845.
Computer system 1800 includes a data source interface 1820
to access data source 1860. Data source 1860 can be
accessed via one or more abstraction layers implemented 1n
hardware or soitware. For example, data source 1860 may
be accessed by network 1850. In sonic, embodiments data
source 1860 may be accessed via an abstraction layer, such
as, a semantic layer.

A data source 1s an information resource. Data sources
include sources of data that enable data storage and retrieval.
Data sources may 1include databases, such as, relational,
transactional, hierarchical, multi-dimensional (e.g., OLAP),
object oriented databases, and the like. Further data sources
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include tabular data (e.g., spreadsheets, delimited text files),
data tagged with a markup language (e.g., XML data),
transactional data, unstructured data (e.g., text files, screen
scrapings), hierarchical data (e.g., data 1n a file system, XML
data), files, a plurality of reports, and any other data source
accessible through an established protocol, such as. Open
Data Base Connectivity (ODBC), produced by an underly-
ing software system (e.g., ERP system), and the like. Data
sources may also include a data source where the data 1s not
tangibly stored or otherwise ephemeral such as data streams,
broadcast data, and the like. These data sources can include
associated data foundations, semantic layers, management
systems, security systems and so on.

In the above description, numerous specific details are set
forth to provide a thorough understanding of embodiments.
One skilled 1n the relevant art will recogmize, however that
the embodiments can be practiced without one or more of
the specific details or with other methods, components,
techniques, etc. In other instances, well-known operations or
structures are not shown or described 1n details.

Although the processes illustrated and described herein
include series of steps, it will be appreciated that the
different embodiments are not limited by the illustrated
ordering of steps, as some steps may occur in different
orders, some concurrently with other steps apart from that
shown and described herein. In addition, not all illustrated
steps may be required to implement a methodology 1n
accordance with the one or more embodiments. Moreover, 1t
will be appreciated that the processes may be implemented
in association with the apparatus and systems 1llustrated and
described herein as well as 1n association with other systems
not illustrated.

The above descriptions and 1llustrations of embodiments,
including what 1s described in the Abstract, 1s not intended
to be exhaustive or to limit the one or more embodiments to
the precise forms disclosed. While specific embodiments of,
and examples for, the one or more embodiments are
described herein for i1llustrative purposes, various equivalent
modifications are possible within the scope, as those skilled
in the relevant art will recognize. These modifications can be
made 1n light of the above detailed description. Rather, the
scope 1s to be determined by the following claims, which are
to be mterpreted 1n accordance with established doctrines of
claim construction.

What 1s claimed 1s:

1. A computer implemented method to optimize search for
data, comprising;:

for a plurality of unique value identifiers associated with

a dictionary structure, computing, by a processor of a
computer, a start address and an end address associated
with the plurality of unique value identifiers stored in
an attribute vector:;

based on the computation, generating and storing, by the

processor of the computer, a range of positional
addresses and the corresponding plurality of unique
value 1dentifiers 1n a first data structure;

upon receiving a request to search for the data represented

by one or more unique value identifiers, determining,
by the processor of the computer, one or more ranges
of positional addresses to be searched for the requested
data; and

based on the determination, optimizing, by the processor

of the computer, an execution of the search for the one
or more unique value 1dentifiers in the attribute vector.

2. The computer implemented method of claim 1, wherein
optimizing the execution of the search for the one or more
unique value i1dentifiers, comprises:

5

10

15

20

25

30

35

40

45

50

55

60

65

20

determiming, by the processor of the computer, a start
address associated with the one or more unique value
identifiers stored 1n the attribute vector;
determiming, by the processor of the computer, an end
address associated with the one or more unique value
identifiers stored i1n the attribute vector; and

optimizing, by the processor of the computer, the execut-
ing of the search by searching for the one or more
unique value 1dentifiers in the one or more ranges of the
positional addresses 1n the attribute vector.

3. The computer implemented method of claim 1, wherein
the request to search for the data 1s selected from a group
consisting of a query including a sequence of continuous
umique value identifiers, a sequence ol non-continuous
umque value i1dentifiers, a query including the one or more
umque value 1dentifiers combined using Boolean operators,
or a query including a combination thereof.

4. The computer implemented method of claim 1, further
comprising: optimizing, by the processor of the computer,
memory to store the first data structure 1n an in-memory data
store, when a memory constraint 1s enforced on one or more
attribute vectors.

5. The computer implemented method of claim 4,
wherein: the memory constraint 1s enforced on selected from
the group consisting of one or more columns of a plurality
of tables residing 1n the mm-memory data store, the plurality
of tables residing 1n the mm-memory data store, and the
in-memory data store.

6. The computer implemented method of claim 4, wherein
optimizing memory to store the first data structure, com-
Prises:

computing, by the processor of the computer, the start

address and the end address associated with the plu-
rality of umique value 1dentifiers;

computing, by the processor of the computer, one or more

distances between the plurality of unique value 1denti-
fiers based on the computed start address and the end
address associated with the plurality of unique value
identifiers; and

combining, by the processor of the computer, at least two

or more unique value identifiers based on a minimum
distance irom the computed one or more distances
between the plurality of umique value identifiers.

7. The computer implemented method of claim 5, wherein
computing the minmimum distance between the plurality of
unique value i1dentifiers, comprises:

computing, by the processor of the computer, an absolute

difference 1n values between the start address and the
end address associated the plurality of unique value
identifiers; and

based on the computed absolute difference values, updat-

ing, by the processor of the computer, the first data
structure including the minimum distance between the
plurality of unique value 1dentifiers.

8. The computer implemented method of claim 1, turther
comprising: optimizing by the processor of the computer,
one of the search for the data and the memory consumed for
storing the positional addresses associated with the plurality
of unique value identifiers, by executing an optimization
algorithm selected from a group consisting of a Greedy
algorithm and a Linear algorithm.

9. A computer system to optimize search for data, com-
prising:

a memory storing computer nstructions; and

a processor communicatively coupled with the memory to

execute the instructions to perform operations, com-
prising:
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for a plurality of unique value identifiers associated
with a dictionary structure, compute a start address
and an end address associated with the plurality of
unique value i1dentifiers stored 1n an attribute vector;

based on the computation, generate and store a range of 5
positional addresses and the corresponding plurality
of unique value identifiers 1n a first data structure;

upon receiving a request to search for the data repre-
sented by one or more unique value identifiers,
determine one or more ranges of positional addresses
to be searched for the requested data; and

based on the determination, optimize an execution of
the search for the one or more unique value i1denti-
fiers 1n the attribute vector.

10. The computer system of claim 9, wherein optimizing
the execution of the search for the one or more unique value
identifiers, comprises:

determining a start address associated with the one or

more unique value identifiers stored in the attribute
vector,

determining an end address associated with the one or

more unique value identifiers stored in the attribute
vector; and

optimizing the executing of the search by searching for

the one or more unique value identifiers in the one or
more ranges of the positional addresses 1n the attribute
vector.
11. The computer system of claim 9, wherein the request
to search for the data 1s selected from a group consisting of
a query including a sequence of continuous umque value
identifiers, a sequence of non-continuous unique value 1den-
tifiers, a query including the one or more unique value
identifiers combined using Boolean operators, or a query
including a combination thereof.
12. The computer system of claim 9, further comprising:
optimizing memory to store the first data structure 1n an
in-memory data store, when a memory constraint is enforced
on one or more attribute vectors.
13. The computer system of claim 12, wherein: the
memory constraint 1s enforced on selected from the group
consisting of one or more columns of a plurality of tables
residing 1n the in-memory data store, the plurality of tables
residing in the in-memory data store, and the in-memory
data store.
14. The computer system of claim 12, wherein optimizing
memory to store the first data structure, comprises:
computing the start address and the end address associ-
ated with the plurality of unique value identifiers;

computing one or more distances between the plurality of
umque value i1dentifiers based on the computed start
address and the end address associated with the plu-
rality of umique value 1dentifiers; and

combining at least two or more unique value identifiers

based on a mimmimum distance from the computed one
or more distances between the plurality of unique value
identifiers.

15. The computer system of claim 14, wherein computing
the minimum distance between the plurality of unique value
identifiers, comprises:
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computing an absolute diflerence in values between the
start address and the end address associated the plural-
ity of unique value identifiers; and

based on the computed absolute difference values, updat-

ing the first data structure including the minimum
distance between the plurality of unique value 1denti-
fiers.

16. The computer system of claim 9, further comprising;:
optimizing one of the search for the data and the memory
consumed for storing the positional addresses associated
with the plurality of unique value 1dentifiers, by executing an
optimization algorithm selected from a group consisting of
a Greedy algorithm and a Linear algorithm.

17. A non-transitory computer readable storage medium
tangibly storing instructions, which when executed by a
computer, cause the computer to execute operations, coms-
prising:

for a plurality of unique value 1dentifiers associated with

a dictionary structure, compute a start address and an
end address associated with the plurality of unique
value 1dentifiers stored 1n an attribute vector;

based on the computation, generate and store a range of

positional addresses and the corresponding plurality of
unique value 1dentifiers 1n a first data structure;

upon receiving a request to search for the data represented

by one or more unique value i1dentifiers, determinming
one or more ranges of positional addresses to be
searched for the requested data; and

based on the determination, optimize an execution of the

search for the one or more unique value i1dentifiers in
the attribute vector.
18. The non-transitory computer readable storage medium
of claim 17, turther comprises:
determine a start address associated with the one or more
unique value 1dentifiers stored 1n the attribute vector;

determine an end address associated with the one or more
unique value identifiers stored in the attribute vector;
and

optimize the executing of the search by searching for the

one or more unique value identifiers 1 one or more
ranges ol the positional addresses 1n the attribute vec-
tor.

19. The non-transitory computer readable storage medium
of claam 17, wherein the request to search for the data is
selected from a group consisting of a query including a
sequence of continuous unique value identifiers, a sequence
ol non-continuous unique value identifiers, a query includ-
ing the one or more unique value 1dentifiers combined using
Boolean operators, or a query including a combination
thereof.

20. The non-transitory computer readable storage medium
of claim 17, further comprising: optimizing memory to store

the first data structure 1n an m-memory data store, when a
memory constraint 1s enforced on one or more attribute
vectors.
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